A decision support system (DSS) tool for the assessment of intervention strategies in an urban water system (UWS) with an integral simulation model called 'WaterMet 2 ' is presented. Lists of intervention options and performance indicators are exposed by the DSS for the user to define intervention strategies and metrics for their comparison. The quantitative and risk-based metrics are calculated by WaterMet 2 and risk modules, while the qualitative metrics may be quantified by external tools feeding into the DSS. Finally, a multi-criteria decision analysis approach is employed in the DSS to compare the defined intervention strategies and rank them with respect to a pre-specified weighting scheme for different scenarios. This mechanism provides a useful tool for decision makers to compare different strategies for the planning of UWS with respect to multiple scenarios. The suggested DSS is demonstrated through the application to a northern European real-life case study.
INTRODUCTION
Urban water systems (UWS) face the long-term perspective of constraints and challenges associated with climate change and the availability of natural resources. This prospect requires the adaptation of the operation and infrastructure of UWS to meet uncertain future scenarios through the adoption of mitigating technologies in the water industry. However, it is suggested that the impact on the UWS of these technologies, prior to their practical implementation, is best evaluated by a decision support system (DSS). This approach has attracted attention by prac- The principal concern relates to simultaneously covering the whole range of sustainability dimensions in the performance indicators (PIs), including both quantitative and risk-based ones. Ideally, the PIs should reference all facets of sustainability including social, environment, economic, governance and assets (Alegre et al. ) .
This paper presents a DSS which implements a tool which is able to quantify the impact of different sets of interventions/technologies on the performance of the UWS, including associated risks and costs, by evaluating a wide variety of sustainability PIs under different scenarios. The WaterMet 2 model (Behzadian et al. ) , which undertakes the simulation of the integrated modelling of UWS, is employed in the DSS presented. In the following section, a brief description of the DSS configuration is followed by a review of WaterMet 2 . The principal stages of the DSS are mapped through four steps including (1) problem definition,
(2) metric calculation/decision matrix population, (3) ranking and (4) result viewing/modification/re-evaluation. The capabilities of the developed DSS are demonstrated on a real-life UWS in northern Europe. By way of the real case study, the paper presents a walk-through for each stage, presenting a list of the scenarios, intervention strategies and metrics used. The values obtained after running the Water-Met 2 model and the risk module are shown, along with how those outputs are used in the population of the multicriteria decision analysis (MCDA) decision matrices.
DSS METHODOLOGY
The DSS developed seeks to support long-term, strategic-level planning of UWS at the city/system level. This is achieved through a new methodology for comparison and selection of alternative solutions, within the framework of long-term transition paths, and amidst multiple decision criteria (Morley et al. ) . The support offered to the decision maker takes several forms and guides the user through the description of alternative intervention options and scenarios. The structure of the classes in the DSS engine is split into three principal modules (Figure 1):
(1) 'Environment', (2) 'Performance' and (3) 'MCDA'. These modules are described below in further detail.
Environment module
The 'Environment' part manages the specifications of the analysis, including timing, intervention strategies, PIs, scenarios and customised model input. Basically, this module assists the user in defining the Environment configuration i.e. the outline definition of the problem to be analysed.
More specifically, the following steps are taken in this module:
• Defining a time horizon for the analysis, along with the intermediate times at which Interventions may take place.
• Defining scenarios which comprise varying input parameters to the analysis tool (i.e. WaterMet 2 model) or to custom metrics defined outside of WaterMet 2 . Note that analysis of the UWS over some planning horizon in the DSS is the basis of a pre-specified scenario. Each scenario can influence a number of specific variables in WaterMet 2 . The risk assessment is calculated based on the likelihood of occurrence and severity of consequences. The likelihood is assumed here as the probability of the scenario under analysis and is scaled in five levels, each associated with a specified probability range (Table 1 ). The likelihood scale needs to be as 
objective as possible. The probability of a risk event is assumed here to follow corresponding scenarios. For example, the probability of a risk event related to population growth is simplified as equivalent to the probability of the scenario of population growth. The scenario of high and low population growth was selected here to illustrate the methodology. For example, it is assumed that the probability of exceeding the upper limit of the 90% confidence interval is equal to 5% ([100%-90%]/2).
This means that there is a 5% probability that the population will follow the strong growth or higher, and a probability of between 1 and 2% of being lower than the lower profile. Therefore, assuming 
MCDA module
Having created two or more intervention strategies, the principal role of the DSS is to undertake an automatic ranking of the strategies using a MCDA technique. The MCDA module applies a user-configured ranking approach to the specified intervention strategies for the purposes of scoring and ranking them for each scenario and user preference combination. Two well-known MCDA techniques are implemented in the DSS for the purpose of ranking intervention strategies: compromise programming (CP) (Zeleny, ) and the analytic hierarchy process (AHP) (Saaty, ),
although the design does not preclude adding other techniques, including optimization. The two methods were selected because of their widespread use but also because they use different ranking technologies and, also, allow users to express their preferences in a different way. In the CP method, user preferences are specified as multiple evaluation criteria weights, making this method more suitable for use by less experienced users. In the AHP method, user pre- The DSS is demonstrated here for conditions of likely future population growth. Hence, increased water demand as a result of highest foreseen population growth is the key driver which is likely to impose significant strains on the UWS performance. In the first instance, the DSS needs to have specified scenarios, intervention strategies and metrics and associated target/goals and preferences, described in the following sections.
Scenarios
In order to demonstrate the efficacy of the DSS, the following two scenarios related to high (Scenario 1) and low (Scenario 2) population growth are considered in this case study. In this instance, the WaterMet 2 parameters changed in these population growth scenarios are the different water demand categories (i.e. household/population growth, industrial/ commercial growth and irrigation growth).
Intervention strategies
Three types of intervention options are employed in this case study:
1. Addition of a new water resource along with two WTWs.
2. Increased annual rehabilitation rate for pipes.
3. Addition of rainwater harvesting (RWH) and grey water recycling (GWR) schemes.
Based on the above individual intervention options, the metabolism model is analysed in this demonstration based on the following seven alternative UWS intervention strategies against a 30 year planning horizon .
Note that the intervention strategies numbered 3 to 7 start from 2015.
1. Business as usual.
2. Addition of a new water resource along with two WTWs starting from 2020.
3. One percent additional annual pipe rehabilitation starting from 2015.
4. Addition of RWH and GWR systems at a local level by 25% of households starting from 2015.
Addition of RWH and GWR systems at a local level by
25% and 50% of households, respectively, starting from 2015.
6. Addition of RWH and GWR systems at a local level by 50% of households starting from 2015.
25% of households and 0.5% additional rehabilitation annually starting from 2015.
Performance metrics
Six metrics according to the performance criteria of sustainability dimensions of water systems (Alegre et al. ) are considered for the purposes of this case study. These metrics include three quantitative criteria (C 1 -C 3 ), two quantitative risk-based criteria (C 4 , C 5 ) and a single qualitative example.
The quantitative metrics are directly calculated by Water-Met 2 and risk modules, respectively. The qualitative metric (C 6 ) is quantified by relevant experts and the quantified values incorporated in the DSS. Instead of using qualitative categories (linguistic terms) for metric C 6 , these are rated as scoring on a scale of acceptance ranging from 1 to 10, being:
extremely low (1-2), low (3-4), medium (5-6), high (7) (8) and extremely high (9-10). Furthermore, for the risk-based metrics, failure times shorter than the time step in the simulation model (i.e. daily in the WaterMet 2 metabolism model) cannot be captured by the DSS. A brief description of these metrics is outlined below:
1. Reliability of water supply (C 1 ): the ratio of water delivered to customers to the total water demand. 
RESULTS AND DISCUSSION
The results are presented in the following two parts: (1) calculation of the quantitative and risk-based metrics for each intervention strategy;
(2) ranking the intervention strategies using MCDA. The expert-quantified values for the single qualitative metric are directly populated in the decision matrix.
The time-series of the quantitative metrics (C 1 -C 3 ) over the planning horizon are calculated by the DSS by running the WaterMet 2 model with respect to each scenario and intervention strategy. The single value for each of these metrics is calculated and populated in Table 2 for each of the two scenarios.
The risk-based metrics (C 4 , C 5 ) are calculated based on the following sequential steps (Ugarelli et al., ) : (1) likelihood of risk event;
(2) consequence levels from the PIs calculated by WaterMet 2 for each scenario;
(3) risk estimation. The likelihood of risk events is assumed to correspond to the probability of scenarios, i.e. 4 'likely'
and 3 'moderate' for the high and low population rate scenarios (1 and 2), respectively. Assuming a target value of 1% and 100%, respectively, for risk events of water supply failure (C 4 ) and prolonged hydraulic failure (C 5 ), the consequence scales of deviation value in Table 1 are defined as follows, respectively:
Given the maximum value experienced being used to aggregate the risk-based metrics over the planning horizon, the consequence levels of risk events can be calculated as shown in Table 3 . With the given likelihood and consequence levels, the risk is then estimated according to the risk matrix of Table 1 for each intervention strategy and scenario, the results of which are further illustrated in Table 3 . Strategy 3 96  100  58  57  96  89  3  3  3  3  7  7  3  6   Strategy 4 98  100  62  61  90  83  3  2  3  2  3  3  5  4   Strategy 5 98  100  63  62  89  82  3  1  3  2  2  2  6  3   Strategy 6 99  100  71  69  89  81  2  1  2  2  1  1  2  5   Strategy 7 98  100  64  63  90  83  3  1  3  2  3  3  4  2 Ranking results
The aforementioned metric values calculated for each intervention strategy are used to populate the corresponding MCDA decision matrix, as per Table 2 , for each of the two scenarios, respectively. As the qualitative risk levels reported
in Table 3 cannot directly be used for a quantitative comparison between the intervention strategies, they are rated on a scale between 1 and 3 as: high (3), medium (2) and low risk (1).
Following the population of the decision matrices, the ranking of intervention strategies is undertaken by means of the CP method (Zeleny ). The outputs of this ranking can be seen in the two right-most columns of Table 2 . In this table, equal metric weights have been used to rank the strategies.
To further analyse the sensitivity of the ranking to the metric weights of the metrics, two further weighting schemes, including Water Company and Consumer perspectives, have been ranked by the MCDA (Table 4) .
Given the three weighting schemes and two scenarios, a total of six groups of ranking for the intervention strategies are obtained, illustrated in Table 5 . Naturally, there are several ways that these rankings can be merged together to achieve a final ranking for each intervention strategy. In this instance, the sum of the ranks of each strategy is used for determining final ranking, as shown in the last column for each scenario in Table 5 .
As can be seen, Strategy 2, which has been consistently ranked highly, is selected in the top strategy for both scenarios. However, it is further seen that if there is low population growth (Scenario 2), Strategy 7 is ranked first due to its consistent high rank when seen from all perspectives. Strategy 1 has the lowest final rank because it has been identified as the worst strategy for several scenario/weighting combinations. Therefore, while Strategies 2 and 7 are recommended as the best strategies to adopt in this simple example, Strategy 1 is clearly not to be recommended. However, further analysis will be required to fully cover and test different criteria for these strategies. 
